Abstract: Febrile infection-related epilepsy syndrome (FIRES) is a rare catastrophic epileptic encephalopathy with a yet undefined etiology, affecting healthy children. It is characterized by acute manifestation of recurrent seizures or refractory status epilepticus preceded by febrile illness, but without evidence of infectious encephalitis. To date, the absence of specific biomarkers poses a significant diagnostic challenge; nonetheless, early diagnosis is very important for optimal management. FIRES is mostly irreversible and its sequelae include drug-resistant epilepsy and neuropsychological impairments. The treatment of FIRES represents a significant challenge for clinicians and is associated with low success rates. Early introduction of ketogenic diet seems to represent the most effective and promising treatment. This review aims to highlight the most recent insights on clinical features, terminology, epidemiology, pathogenesis, diagnostic challenges and therapeutic options.
Introduction
The acronym FIRES stands for "Febrile Infection Related Epilepsy Syndrome" and was used for the first time by van Baalen and colleagues in 2010, 1 although the same clinical entity has been called in varying ways by different authors. 23 The term refers to a rare catastrophic epileptic encephalopathy with a yet undefined etiology, characterized by acute manifestation of recurrent seizures or refractory status epilepticus (SE) preceding febrile illness, but without evidence of infectious encephalitis. Being mostly irreversible, FIRES is often followed by the development of drugresistant epilepsy and neuropsychological impairments occurring without latency. It is sporadic and extremely rare, which significantly hampers the collection of clinical data necessary to develop effective management strategies. To date, the absence of specific biomarkers poses a significant diagnostic challenge; nonetheless, early diagnosis is very important for optimal management. Diagnostic and therapeutic delay contributes to poor outcome in SE, and although seizure control is often achieved only once the underlying cause is identified, over 200 uncommon disorders may be responsible for SE. 4 In up to 60% of cases of de novo refractory SE, diagnostic workup fails to reveal the underlying etiology, 5, 6 which is the typical and problematic clinical scenario that FIRES entails. We hope that this clinical review may help in correctly recognizing and managing FIRES among this group of small but not negligible patients.
Terminology
The most recent definition of FIRES comes from the proceedings of the First International new onset status epilepticus (NORSE) and FIRES Symposium. 7 The proposed consensus definition identifies FIRES as a subcategory of NORSE. This acronym was coined by Wilder-Smith and colleagues 8 to describe a form of new onset refractory SE in patients without active epilepsy or other preexisting relevant neurological disorders, without a clear acute or active structural, toxic or metabolic cause. Initially, NORSE was considered as specific of the adult population while FIRES was specific of the pediatric population; however, this distinction has been recently challenged since it does not seem to be based on strong scientific evidence. 7 In this light, FIRES is defined as a subtype of NORSE that requires a prior febrile infection, with fever starting between 2 weeks and 24 hrs prior to onset of refractory SE, with or without fever at onset of SE. This applies to all ages and there may or may not be fever at the time of onset of SE. 7 This definition excludes prolonged febrile seizures, as they usually occur in children who have onset of fever <24 hrs prior to onset of seizures or whose fever is recognized only after onset of seizures. 9 
Epidemiology
Refractory status epilepticus following a common febrile episode in the absence of identified infectious agents is not frequently reported; therefore, it is extremely difficult to extract epidemiological data from available literature. In addition to this, before the term FIRES was adopted, cases of encephalitis of unknown or presumed immune etiology have been described with many different terms, such as "acute encephalitis with refractory, repetitive partial seizures", 2 "severe refractory status epilepticus due to presumed encephalitis", 10 "idiopathic catastrophic epileptic encephalopathy", 11 "devastating epileptic encephalopathy in school-aged children" 12 and "Childhood refractory focal epilepsy following acute febrile encephalopathy". 3 Affected patients are mainly children between 5 and 13 years of age, with a peak during school age and a male preponderance. 13, 14 Based on a prospective hospital-based German-wide surveillance program, van Baalen and colleagues estimated the annual incidence and prevalence of FIRES among children and adolescents in Germany to be, respectively, 1: 1,000,000 and 1: 100,000. elements also seem to diverge from this hypothesis. First of all, seizure control during the acute phase of FIRES is significantly more difficult than in encephalitis while the risk of postencephalitic epilepsy is significantly higher (0-33% vs nearly 100%). 15 Secondly, while onset of post-encephalitic epilepsy is typically delayed, in FIRES patients, there is no latency between SE and epilepsy onset. Lastly, the typical biphasic clinical course of FIRES seems more suggestive of an "infection-triggered" process than an infectious disease. Inflammation seems to play an important but not exclusive role in the development of FIRES. As just said, a biphasic clinical course is suggestive of an immune disorder triggered by an infection, even though fever itself does not seem to be a causative agent. Consistently, while febrile SE is almost concomitant with fever insurgence, SE in FIRES begins days after fever onset and said fever is often mild. In this light, inflammation does not seem to trigger an acute event, but more to contribute to the FIRES cascade through a generalized and ongoing lowering of seizure threshold. This might be accomplished by an infection-induced gradual build-up of systemic and brain-born inflammatory cytokines. 16, 17 The slow progressive nature of such a process might be the reason for the delay in FIRES onset. The neuro-inflammatory response, which plays a role in epileptogenesis, seems to be a direct consequence of innate immunity activation which takes place in glial cells, neurons and the blood-brain barrier. [18] [19] [20] [21] Such activation is usually self-limited; however, intrinsic factors such as a genetic predisposition may be responsible for a lack of efficient resolution of the process. Progressive accumulation of inflammatory cytokines could then give way to a vicious cycle of aberrant hyperexcitability 18 and/or a structural epileptogenic remodeling of brain networks. 22 Several other potential causes have been suspected and discussed in the literature, but currently, none of them has been confirmed. The abovementioned biphasic timing of FIRES has led researchers to look for an autoimmune mechanism; however, the search for specific autoantibodies has so far yielded scarce results. 14, 23 One notable exception is the reported finding of anti-GABA A Receptor antibodies in a case of FIRES which responded to ketamine and high-dose intravenous steroids. 24 Response to immunotherapy, however, seems to be the exception, not the rule. 23 An autoimmune reaction may, however, have a role in at least some cases of FIRES in which it may act as a trigger for a metabolic disease or channelopathy. [25] [26] [27] Some case series reports showed no clear correlation between FIRES and SCN1A, PCDH19 or POLG1 gene mutations. 28, 29 In conclusion, however, the underlying pathogenic mechanism of FIRES seems to be a double-hit process: a synergistic effect between an immune response to a febrile illness or to an infection affecting the brain and an intrinsic predisposition toward an auto-sustaining epileptogenic process. We illustrated a possible mechanistic model of epileptogenesis in FIRES in Figure 1 .
Diagnosis
As no certain cause of FIRES has been identified yet in the majority of patients, diagnosis of FIRES is essentially clinical 7 months) may show bilateral mesial temporal atrophy and increased T2-weighted signal but are normal in half of the cases. 30 Positron emission tomography scans usually highlight large areas of hypometabolism involving the orbitofrontal and temporoparietal cortices bilaterally. There is a good correspondence with the cortical areas associated with language, behavior and memory, which are also the most frequently recorded ictal onset zones. Other evaluations should be undertaken based on the case's characteristics. It is important to consider that during childhood, many peculiar conditions can result in prolonged SE, including febrile seizures and febrile SE. Also, genetic disorders such as Dravet syndrome and Alpers syndrome involve fever-associated SE. Therefore, a differential diagnosis with genetic associated with fever-induced epilepsy (such as in SCN1A, PCDH19 or POLG1 related epilepsies) should be taken into account.
Treatment
The treatment of FIRES represents a significant challenge for clinicians and is associated with low success rates, especially during the acute phase. Systematic studies are still lacking and the limited number of published case series propose several therapeutic approaches, none of which appear to be significantly effective, with the exception of the ketogenic diet. In relation to the previously discussed role of inflammation in the pathogenesis of FIRES, high-dose intravenous steroids have been tried despite the risk of severe adverse events. 34 First-line and second-line immunotherapy might be useful, such as intravenous immunoglobulins and plasmapheresis although efficacy is still debated. The efficacy of tacrolimus, rituximab and/or cyclophosphamide is unclear, even though there are some reports of improvement in patients for which other immunotherapies failed. [32] [33] [34] [35] [36] [37] Midazolam appears as effective as thiopental but is associated with fewer adverse events, faster discharge from intensive care, and better long-term neurological outcome. 39, 40 High doses of phenobarbital have also been proven effective and with fewer side effects than anesthetics. 23 Further anesthetic agents such as propofol are used in the management of refractory SE, though its prolonged use in children is discouraged due to the risk of propofol infusion-related syndrome. 34 Burst-suppression coma induction is standard care in super-refractory SE, although when barbiturates are weaned seizures frequently reappear. 23 Moreover, there are concerns regarding its use in FIRES, since prolonged burst-suppression coma has a significant association with a worse cognitive outcome and with a more severe course of the disease. 23 The ketogenic diet (KD) has been used successfully in patients with refractory seizures and, according to some reports, has shown some efficacy in FIRES. [41] [42] [43] It has been hypothesized that the KD may not only have an anticonvulsant effect (e.g., through the production of decanoic acid which induces a direct inhibition of the post-synaptic excitatory AMPA) but also anti-inflammatory. This might be of great significance in the treatment of FIRES. Early introduction of a KD could be effective not only during the acute phase but also in long-term epilepsy management. 23 According to some reports, it appears to have a positive effect on both seizure control and cognitive outcome and should therefore be considered precociously in the course of treatment, even as first-line therapy. 23 Therapeutic hypothermia may be effective in the control of SE by reducing pro-inflammatory cytokine levels and protecting the integrity of the BBB. Cannabidiol (CBD) acts by decreasing glutamate and gamma-aminobutyric acid synaptic transmission in the brain. In a recently published case series, CBD appeared effective in reducing frequency and duration of seizures in patients with FIRES who had not responded to standard antiepileptic drugs or other therapies. 44 Anakinra, a recombinant and modified version of the human interleukin-1 receptor antagonist protein, has been used effectively in these patients, both in the acute phase and in the outcome. 45 Finally, there are isolated reports of good seizure control in FIRES after continuous intravenous administration of magnesium sulfate. 46 Currently, no systematic studies on the treatment of the aftermath of FIRES exist. The existing data collected from a limited number of reports show that seizures are mostly very difficult to treat and often require polytherapy. Vagus nerve stimulation (VNS) is generally introduced as chronic treatment for seizure control after recovery from SE. Notwithstanding, VNS appears to have a favorable effect on SE, NORSE and generalized convulsive seizures in children with post-FIRES medically intractable epilepsy. 47, 48 For the latter, the use of CBD has also been proposed 49, 50 We have summarized the most commonly used and effective. treatments of FIRES in Table 1 .
Conclusions
FIRES is a yet poorly understood clinical entity, affecting healthy children, with catastrophic sequelae. Treatments are poorly effective and therefore new insights concerning its pathogenesis are still strongly needed in order to develop more targeted therapies.
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